There is much support for the view that the functional unit of protein synthesis is an aggregate of ribosomes held together by a strand of messenger RNA.1-6
There is much support for the view that the functional unit of protein synthesis is an aggregate of ribosomes held together by a strand of messenger RNA. [1] [2] [3] [4] [5] [6] The concept derives from the observation that radioactive amino acids are preferentially incorporated into ribosomal aggregates (termed polyribosomes, polysomes, or ergosomes) and that treatment of the ribosomal aggregates with small amounts of ribonuclease leads to the formation of single ribosomes.2-5 In a study7-9 of the characteristics of ribonucleoprotein particles from rat heart muscle it was found that the particles when analyzed on linear sucrose gradients gave no distinct 70-80S peak, nor were there more than small amounts of intermediatesized aggregates present; instead, almost all the material sedimented in a pellet of S value greater than 400. The sedimentation pattern was not affected by ribonuclease treatment of the ribonucleoprotein particles prior to analysis, but chymotrypsin did increase the amount of 70-80S material. The latter observation suggested the possibility that in muscle the functional unit for protein synthesis might be a very large assemblage of ribonucleoprotein particles held together by protein, perhaps the nascent peptide being synthesized on the ribosomes, as well as by messenger RNA. Indeed, it seemed possible that in muscle more than one ribosome might be contributing to the synthesis of a single protein, an interpretation that accords with the suggestion that for the synthesis of structural protein of high molecular weight, or of enzymes composed of several subunits, polymerization of the polypeptide units occurs on the ribosomal assemblage. 10 It is the purpose of this paper to describe the results of controlled proteolytic digestion of ribonucleoprotein particles isolated from heart muscle on their sedimentation behavior in linear sucrose gradients. Treatment of ribonucleoprotein particles, labeled with radioactive leucine, with small amounts of chymotrypsin or trypsin has been found to lead to the disruption of the rapidly sedimenting material into smaller particles of 70-80S and, pari passu, by the release of radioactive material derived from the nascent peptide. We believe the finding to have significance for the mechanism of the synthesis of the protein structural units of the myofibril.
Experimental Procedures.-Ribonucleoprotein particles were labeled by incubation of minced heart muscle from 14-18-day chick embryos in 5 vol of Eagle's minimal essential culture medium (spinner),I1 from which the C"2-leucine had been omitted; the medium contained 40 juc/ml of H3-leucine (2.5 c/mmole). Incubation was for 15 min at 37°. After incubation the ribonucleoprotein particles were prepared by either of two procedures: treatment of the 105,000 X g sediment from a whole tissue homogenate with deoxycholate; or from the microsomal fraction. Both methods have been described in detail. TriCarb liquid scintillation counter.
The crystalline enzymes, ribonuclease, chymotrypsin, chymotrypsin inactivated with diisopropyl phosphofluoridate (DFP-chymotrypsin), and trypsin were purchased from Worthington Biochemical Corp.; the enzymes with the exception of the DFP-chymotrypsin were chromatographically homogeneous.
Results.-Effect of proteolytic digestion on ribonucleoprotein aggregates: The sedimentation pattern (Fig. la) obtained after density gradient centrifugation of ribonucleoprotein particles from heart muscle of chick embryos differed in several respects from that seen with ribosomes from other tissues and also from that of the ribonucleoprotein particles from rat heart muscle previously studied.9 There was a small peak at 70-80S and heavier material (100-250S) that may be presumed to be aggregates of two or more ribosomes, but a significant portion (usually more than a half) of the ribonucleoprotein material appeared either in the 2.5 M sucrose "step" at the bottom of the gradient or as a pellet at the bottom of the centrifuge tube. While the specific activity of the heavier material tended to be greater than that of the 70-80S peak, it is equally true that labeling of the 70-80S ribonucleoprotein particles was always observed. The absence of a distinct dichotomy between the optical density and the radioactivity makes it uncertain as to whether the material on the gradient is polysomes, at least as polysomes are usually defined (in general, polysomes have a greater specific activity than single ribosomes for they contain the newly synthesized polypeptide2-5). The congruent distribution of radioactivity and of ultraviolet absorption may be the result of the fracture from a much larger assemblage, of single ribosomes, and of ribosomal aggregates of various sizes, during the relatively vigorous isolation procedure that must be employed with muscle. However, there is evidence that monomers as well as aggregates of all sizes are able to incorporate amino acid into protein provided they are attached to a strand of messenger RNA,"3-"5 and the present results ( Fig. la) can be fitted to that interpretation.
The anomalous sedimentation behavior of ribonucleoprotein particles from heart muscle seems not to be merely a reflection of the manner of their isolation, for similar patterns were obtained if the particles were prepared by treatment of the 105,000 X g sediment from a whole tissue homogenate, or if the particles were prepared from the microsomal fraction in the conventional way. Nor did increasing the deoxycholate concentration to 1 per cent alter the sedimentation characteristics, making it less likely that the results were due to contamination with microsomes or the lipoprotein of the endoplasmic reticulum.
Treatment of the ribonucleoprotein preparation with 0.5 jug of ribonuclease at 00 for 30 min leads to an increase in both the optical density and the radioactivity of the 70-80S peak as a result of transfer of material from the region of the 2 controls (Fig. 1c) . The material appearing on the gradient after chymotrypsin treatment seems to derive from the pellet, for in this case the optical density of the 2.5 M sucrose "step" is unchanged. Once again disaggregation is not near being complete. Chymotryptic digestion strips most of the leucine radioactivity from the ribonucleoprotein particles; the radioactivity appears at the top of the gradient but is not associated with a detectable increase in the absorbancy at 260 or 280 m/A.
The great specific activity of the material that is released suggests that it is the nascent protein that is preferentially affected by proteolytic digestion with chymotrypsin, although the possibility is not ruled out that the enzyme is also causing the hydrolysis of some nonlabeled protein present in small amounts. The influence of ribonuclease and chymotrypsin would appear to be additive, for if the ribonucleoprotein particles are treated with both enzymes simultaneously, most of the material layered on the gradient sediments in a single symmetrical peak of 70-80S (Fig. ld) ; the preponderance of the radioactivity is found now either in the 70-80S region or at the top of the gradient.
The influence of the chymotrypsin is not due to contamination with ribonuclease, for assay of the proteolytic enzyme for ribonuclease activity failed to reveal any in circumstances where as little as 0.01 per cent contamination would have been detected. Nor is the influence of chymotrypsin to be accounted for by the activation of latent ribosomal ribonuclease, for incubation of ribonucleoprotein particles with 50 ,ug of the chymotrypsin led to no detectable increase in ribonuclease activity (Table 1 ). These observations accord with the finding that the changes in the optical density and radioactivity patterns of the ribonucleoprotein particles after treatment with chymotrypsin are quite distinct from those seen after treatment with ribonuclease (cf. Fig. lb and c) . What is more, it is the proteolytic activity of the chymotrypsin that is responsible for the disaggregation of the ribonucleoprotein assemblages rather than a nonspecific protein effect, for treatment of the particles with diisopropylfluorophosphate-chymotrypsin (DFP-chymotrypsin) followed by density gradient analysis revealed no change in either the optical density or the radioactivity pattern (Fig. 2) .
The influence of proteolysis on the sedimentation behavior of ribonucleoprotein aggregates from heart muscle is not confined to chymotrypsin, for trypsin is at least equally effective in leading to disruption of the rapidly sedimenting material (Fig.  3a, b) ; indeed, a larger portion of the material that ordinarily appears in the 2.5 M The assay system contained in 1 ml: 150 psg of ribosomal RNA; 1 mg E. coli RNA; 0.005 M MgCl2; 0.05 M Tris-HCl, pH 7.4; 0.1 M KCl; and 50 pg of chymotrypsin or an equal volume of water. After the time indicated, 0.2 ml of the reaction mixture was withdrawn and added to 2.8 ml of ice-cold 10% perchloric acid in 50% ethanol, kept at 00 for 10 (C) DFP-chymotrypsin; incubated for 30mq at 00 with 10 ,sg of DFP-chymotrypsin.
sucrose "step" is disaggregated by trypsin than by chymotrypsin. The effect of trypsin on the sedimentation characteristics of ribonucleoprotein particles is overcome by the addition of a threefold excess of soybean trypsin inhibitor (Fig. 3c) , an amount of inhibitor that was as d toPdcrease activity of the enzyme by 95 per cent. The inhibitor itself was without effect on the absorbancy profile.
A similar effect of proteolytic digestion was observed with ribonucleoprotein particles from liver (results not shown). The sedimentation pattern of ribosomes prepared from the microsome fraction from the liver of rats revealed a 70-80S peak and more rapidly sedimenting aggregates. Ribonuclease treatment resulted in the breakdown of the larger aggregates and an increase in the amount of material sedimenting at 70-80S. Chymotrypsin treatment of the ribosomes had a very similar effect leading also to an increase in the amount of material in the 7080S peak; however, somewhat more of the heavy material (100o250S) persisted. The results obtained with ribonucleoprotein aggregates from liver are, then, qualitatively similar to those obtained with like preparations from heart muscle. Discussion.-Mild proteolytic digestion leads to partial disruption of the large ribonucleoprotein complexes isolated from heart muscle. Several observations support the conclusion that it is the proteolytic activity of chymotrypsin and trypsin that is causally responsible for the phenomenon: the purity of the proteolytic enzymes, especially the absence of detectable contamination with ribonuclease activity; the failure of the enzymes to activate latent ribosomal ribonuclease; the absence of an influence of chymotrypsin after it is treated with diisopropylfluorophosphate, and of trypsin in the presence of soybean trypsin inhibitor.
The effect of chymotrypsin on the state of aggregation of ribonucleoprotein particles from heart muscle is not readily explicable on the basis of the properties of the ribosomes, for the ribosomes from heart can be shown to be free of significant contamination with mitochondrial fragments and accord closely in character with ribosomes from other mammalian tissues and from microorganisms.7' 9 The ribonucleoprotein particles from heart are in fact equally as effective as those from liver in their capacity to catalyze protein synthesis from sRNA-phenylalanine-C'4.
It would seem reasonable to conclude then that the rapidly sedimenting material from heart muscle is ribosomal aggregates. The difference in the sedimentation characteristics of ribonucleoprotein assemblies from heart muscle, and especially the influence of chymotrypsin on those aggregates, seems not to be due to a difference inherent in the individual ribosomes but rather to the nature of the protein that is being synthesized.
There are several possible explanations for the influence of proteolytic digestion on the state of aggregation of the ribosomes from muscle: first, that the aggregation is due to nonspecific association of ribonucleoprotein particles with muscle proteins, perhaps the myofibrils which seem to have an affinity for ribosomes.9 However, the relative purity of the ribosomal preparation, especially the high RNA content, is against significant contamination with extraneous protein.
Further, the ribosomes isolated from microsomes are less likely to be contaminated with structural protein than are the ribosomes prepared from the whole cell homogenate, yet they display an identical sedimentation pattern and the same response to chymotrypsin treatment. While the possibility of nonspecific association of ribonucleoprotein particles with contaminating protein in the preparation cannot be excluded with certainty, it does not seem likely.
If the large ribonucleoprotein aggregates are held together by nascent polypeptide chains, as the results suggest, then one would predict that puromycin, which causes release of the growing peptide, might, like chymotrypsin, cause the breakdown of the aggregates. While the possibility has not yet been tested with ribonucleoprotein assemblies from heart muscle, it has with similar preparations from other tissues. Puromycin causes polysomes from liver,'7 and from chick embryos,10 to break down at an accelerated rate due to the release of single ribosomes, and the antibiotic decreases the concentration of polysomes in reticulocytes. 18 The results with puromycin accord then with the postulation that ribonucleoprotein aggregates from a number of tissues are held together in some measure by nascent polypeptide chains.
The report by Kretsinger et al. 10 of the synthesis of collagen on polyribosomes from chick embryos records a number of features that bear a striking resemblance to those we have observed. They find that the polyribosomes from chick embryos VOL. 52, 1964 BIOCHEMISTRY: RABINOWITZ ET AL.
1359
concerned with the synthesis of collagen (a triple-stranded fibrous protein) have an extremely high sedimentation velocity, and that ribonuclease treatment of the polysomes liberates only a portion of the 80S ribosomes, leaving behind a ribonuclease-resistant fraction. From their observations they suggest that collagen is synthesized on very large polysomes and that the aggregates are held together by something other than RNA, a conclusion in accord with our results with ribonucleoprotein complexes from heart muscle.
The association of the disaggregation of the ribonucleoprotein complex and the release of the leucine radioactivity has led us to focus our attention on the nascent peptide as being important in holding the aggregates together. It does not, of course, follow that the association is causal. For example, to mention only one other possibility, Noll et al.'7 have proposed that the transfer enzyme(s) play an important role in maintaining the structure of the polysomes. They imagine that the enzyme forms an interlocking structure with the ribosomal surface, the end of the nascent peptide chain, transfer RNA, and messenger RNA. Chymotrypsin might then cause the breakdown of the ribonucleoprotein complex by proteolysis of the transfer enzyme "lock," and the release of leucine radioactivity might merely be fortuitous; alternatively, both the enzyme and the nascent peptide chain may be important in the maintenance of the structure of the aggregate, but cleavage at either or both sites sufficient for the release of a portion of the 70-80S ribosomes.
For the moment we favor the interpretation that the structure of the ribonucleoprotein complex from heart muscle is the result of a functional interaction between the ribosome, messenger RNA, and the nascent peptide. This is consonant with the association of the disaggregation of the complex and the release of the leucine radioactivity after proteolytic digestion. Moreover, muscle is known to contain proteins composed of subunits with a strong tendency to interact.'9 20 Since the structural proteins of muscle have a strong tendency for spontaneous association, it is possible that interactions occur between ribosomal bound polypeptide chains containing the several subunits of the protein being synthesized; the association might occur either during the isolation procedure or as an integral part of the process of protein synthesis. The model accounts for the high sedimentation velocity of the ribonucleoprotein material from heart muscle. It also accounts for the release of 70-80S particles by both ribonuclease (particles with no association of their peptide chain with another subunit, i.e., held to the aggregate only by messenger RNA) and chymotrypsin (single 70-80S particles bound only by an association of its completed polypeptide chain with a nascent peptide subunit still attached to the polysome). It is, of course, important to distinguish between the several possible explanations of the effect of proteolytic digestion on the state of aggregation of ribonucleoprotein particles from heart muscle and to determine the biological significance.
